duce methane oxidation in forest, grassland, arable, and landfill soils, especially when applied in the ammonium
1994
; Crill et al., 1994; Hü tsch et al., 1994; Castro et al., southwest Michigan, USA. We found highest oxidation rates in forest 1995; Willison et al., 1995b; Hü tsch, 1996; Tlustos et al., sites (about 30 g CH 4 -C m Ϫ2 h Ϫ1 on average), with average rates in Hilger et al., 2000) . Tillage also has been shown successional and agricultural sites about 75 and 12% of this, respecto decrease methane oxidation in both natural and agtively. In the forest and successional sites a one-time N-fertilizer addiricultural soils (Hü tsch et al., 1994; Willison et al., 1995a;  tion (100 kg NH 4 NO 3 -N ha Ϫ1 ) significantly suppressed oxidation for Cochran et al., 1997; Mosier et al., 1997b) , however, it the several weeks that inorganic N pools were elevated. There was had no effect (Sanhueza et al., 1994; Mosier et al., 1998;  no effect of fertilizer addition in the agricultural site, where available Burke et al., 1999) and even increased (Kruse and per se, as it affects soil structure, porosity, and other microbial community structure.
physical soil properties, inhibits CH 4 uptake. To date there have been no published studies of the effects of N and tillage either alone or interacting within differ-U pland soil is an important global sink for the greenent ecosystems. house gas methane, consuming about 30 Tg CH 4 In this study we examine both factors simultaneously yr Ϫ1 , slightly more than the annual atmospheric loading by tilling and applying N fertilizer separately and in rate of 22 Tg CH 4 yr Ϫ1 (IPCC, 2001) . Soil methane uptake combination along a 3-point land-use gradient that inthus helps to keep the global atmospheric methane concludes old growth deciduous forests, mid-successional centration in check, and increased uptake could help to old fields equivalent to older Conservation Reserve Promitigate increasing concentrations of methane in the gram sites, and no-till agricultural fields. In this way we atmosphere, now at 1745 ppb CH 4 (IPCC, 2001) . Land can separate the effects of tillage on N availability, and use and in particular agriculture has a big impact on thus CH 4 oxidation, separate from its effects on other rates of soil CH 4 oxidation: a number of studies have soil properties. To the best of our knowledge, no prior shown that undisturbed forest and grassland soils constudies have attempted to partition simultaneously the sume substantially more methane than similar soils coneffects of N-fertilizer and tillage on soil CH 4 flux. verted to agriculture (e.g., Ambus and Christensen, 1995; Willison et al., 1995a; Goulding et al., 1996 ; Mac- Donald et al., 1996; Prieme and Christensen, 1999; Robertson et al., 2000) . In a variety of different studies variSite Description ous agricultural practices including fertilization, tillage, degrees (e.g., Mosier and Schimel, 1991; Goulding et al., vation 288 m) . Annual rainfall at KBS averages 890 mm yr Ϫ1 1995; Arif et al., 1996; Mosier et al., 1997a; Powlson et al., with about half falling as snow; potential evapotranspiration (PET) exceeds precipitation for about 4 mo of the year. Mean 1997; Topp et al., 1999; Hü tsch, 2001 Soil temperature was measured at the 0-to 5-cm depth at Leyss.), germander speedwell (Veronica chamaedrys L.), ortime of sampling using a soil temperature probe. Soil samples chardgrass (Dactylis glomerata L.), flowering spurge (Euphorfor other analyses were taken from the top 10 cm of soil using bia corollata L.), and honeysuckle (Lonicera spp.). The noa 2.5-cm diam. soil probe. Fresh soils were passed through a till system was planted to maize (Zea mays L.) during 2002, 4-mm sieve and mixed by hand, and then subsamples were the year that this study was conducted. Before no-till establishtaken for moisture content and mineral N analysis. Before ment in 1988 the no-till sites had been moldboard plowed and analysis, soils were stored in a refrigerator at 4ЊC. Soil moisture planted mainly to corn and soybean (Glycine max L.). The content was measured gravimetrically by drying the soil samuse of fertilizers and pesticides before and during the present ples at 65ЊC for 3 d or until dry; further drying these soils at study followed best management practices. In the rotation 105ЊC typically removes Ͻ0.8 g H 2 O 100 g soil Ϫ1 more moisture before this study corn received 120 kg N ha Ϫ1 , wheat 60 kg (data not shown). Mineral N measurements were obtained by N ha Ϫ1 , and soybeans no N fertilizer.
MATERIALS AND METHODS
extracting 20 g of dry soil with 100 mL 1 M KCl for 24 h then All sites were replicated within the larger landscape (n ϭ filtering through 2-m pore size glass fiber filters. The filtrates 3 locations) and were on the same Kalamazoo/Oshtemo soil were frozen before analysis for NH 4 ϩ and NO 3 Ϫ using an Alpseries (Austin, 1979) . The soils at these sites are Typic Haplukem continuous flow analyzer (Alpkem 3550, OI Analytical, dalfs (fine or coarse-loamy, mixed, mesic soils) derived from College Station, TX) (Bundy and Meisinger, 1994) . glacial till about 12 000 yr ago (Crum and Collins, 1995) . Soil surface horizon pH ranges from 5.2 in the forest to 6.5 in the no-till soils, and soil C from 1.52 to 0.73%C (Table 1) .
Statistical Analyses
Four 0.5 ϫ 0.5 m plots separated by 1 m buffer strips were
The data were divided into two parts: before fertilization established in each replicate site and a 2 ϫ 2 factorial design (Day 0) and after fertilization (Day 1, 6, 16, 23, 52, 73, and was imposed with N fertilizer and tillage as factors. To one 101). For analysis of the first part, we used SPSS version plot was added 100 kg N ha Ϫ1 ammonium nitrate (NH 4 NO 3 ), 10.0.1 (SPSS Inc., 2001) for the analysis of variance (ANOVA), another plot was physically disturbed by hand shoveling to analysis of covariance (ANCOVA), and correlation analysis. simulate soil tillage to 10-cm depth, another plot was both
We used Proc Mixed of SAS program version 8.0 (SAS Institilled and then fertilized, and a fourth plot served as control.
tute, 1999) for the ANOVA and ANCOVA for the postfertilizAll treatments were imposed within a single 2-h period. Amation data, for which we treated site and treatment as fixed monium nitrate was added as a 2000-mL solution sprinkled effects and day and site ϫ treatment ϫ day as random effects. to simulate a 1-cm rainfall.
Methane and CO 2 data were natural log transformed before ANOVA and ANCOVA to homogenize variances. We used
Gas Sampling
untransformed data for correlation analysis. We measured in situ methane oxidation rates using a static chamber technique (Hutchinson and Livingston, 1993) . Cham-
RESULTS
bers were fashioned from a 25-cm diam. PVC pipe: bases (25 cm diameter ϫ 10 cm high) were installed to the 3-cm depth
Methane Oxidation in the Field
in each plot and left in place except during agronomic operaMethane oxidation rates were highest in the mature tions. Immediately before sampling, a 4.5-cm high cap was deciduous forest (Table 2) , where average rates in the placed on each base and sealed to the base with a latex skirt wrapped with an elastic band. At 10-min intervals, four 10-mL Control treatment were 32 (Ϯ3.2, n ϭ 3 sites ϫ 7 sample dates) g CH 4 -C m Ϫ2 h Ϫ1 and daily rates over all treatcontrast, CH 4 oxidation in plowed plots was similar to control plots throughout the experiment. ments ranged from 0 to 73 g CH 4 -C m Ϫ2 h
Ϫ1
. Nitrogen added to forest soils reduced methane oxidation subMethane oxidation rates in the mid-successional sites stantially (Fig. 1) , with the effect most pronounced bewere, on average, about 75% of rates in the forest (Tafore Day 52 (Fig. 2) . In contrast, plowing had no signifible 2): average oxidation rates in the control plots were cant effect on methane oxidation in the mature forests 24 (Ϯ1.6) g CH 4 -C m Ϫ2 h Ϫ1 and rates over all plots nor was there a significant fertilizer ϫ plowing interranged from 2.4 to 50 g CH 4 -C m Ϫ2 h
. Both N fertilaction. Methane oxidation in both fertilized and plow ϫ izer and N fertilizer plus plowing reduced methane oxifertilized plots in the mature forests dropped sharply afdation in these plots significantly ( p Ͻ 0.05), from 24 to ter treatment and started to increase after Day 52, when 15 g CH 4 -C m Ϫ2 h Ϫ1 on average (Fig. 1) . In contrast, CH 4 uptake in the plow ϫ fertilized plots began to inplowing alone had no detectable effect on oxidation. Simcrease faster than in the fertilizer only plots (Fig. 2a) . In ilar to fluxes in mature forests, CH 4 oxidation in fertilized and in plowed ϫ fertilized plots exponentially decreased after treatment but started to recover within several weeks (Fig. 2b) ; in contrast to forest soils, by Day 52 fertilized and plowed ϫ fertilized effects were nil. Methane oxidation was lowest in the no-till sites, about 12% of rates on average in the forest (Table 2) ; the average no-till control plot rate was 4.0 (Ϯ0.7) g CH 4 -C m Ϫ2 h
. Rates across all no-till site treatments ranged from -8 to 17 g CH 4 -C m Ϫ2 h Ϫ1 (negative oxidation rates indicate methane production). Neither added N nor plowing significantly affected soil methane uptake in this site (Fig. 1) , and rates of oxidation stayed low throughout the experiment (Fig. 2c) . (Table 2) . Nitrogen-fertilizer letters represent significant differences (P Ͻ 0.05) of treatments among sites and within site, respectively.
Carbon Dioxide Fluxes
addition stimulated CO 2 fluxes in the forest and succes- successional communities (0.5 Ϯ 0.1 g NO 3 Ϫ -N g soil Ϫ1 ) ( Table 2) . N-fertilizer addition substantially increased soil nitrate in all sites as intended ( Table 2) ; levels of soil nitrate dramatically increased after fertilizer application in every site and then declined rapidly until reaching prefertilization levels at Day 73 for mature forests and Day 52 for mid-successional communities (Fig. 7) . In contrast, nitrate in no-till field soils remained high during the sampling period.
Unlike nitrate, soil ammonium did not differ signifi- (Table 2) . Treatment effects were similar to those for with standard error bars (n ϭ 3 sites) per ecosystem type.
nitrate, with fertilized treatments having an order of magnitude more N than control and plowed treatments, sional sites about 20% (Table 2 , Fig. 3) ; there were no which did not significantly differ. The temporal patterns detectable fertilizer effects on soil CO 2 flux in the no-till of soil ammonium were also similar to those for nifield nor of simulated tillage in any sites except on a trate (Fig. 8) . few specific sampling dates (Fig. 4) .
Controls on Methane and Carbon Dioxide Fluxes Soil Physical and Chemical Factors
Before treatment, methane oxidation was strongly associated with CO 2 flux (r ϭ 0.70, p Ͻ 0.01) and soil Average soil moisture (0-to 10-cm depth) was signifimoisture (r ϭ Ϫ0.40, p Ͻ 0.01), and weakly associated cantly higher (p Ͻ .05) in mature forests (180 g H 2 O kg with soil nitrate levels (r ϭ Ϫ0.40, p Ͻ 0.05) ( with soil temperature (r ϭ Ϫ0.83, p Ͻ 0.01) and more (Table 2) . Soil moisture was not much affected by treatweakly associated with moisture, ammonium, and niment and within sites was relatively stable across sample trate (r ϭ 0.34-0.54, p Ͻ 0.05) ( Table 3) . dates (Fig. 5) .
After treatment, CH 4 fluxes were moderately and apSoil temperature was, on average, 2 to 4ЊC cooler in proximately equally associated with soil ammonium, nithe mature forests (16ЊC average) than in the mid-suctrate, and temperature (r ϭ 0.31, p Ͻ 0.01). Carbon cessional communities (18ЊC) and no-till field (20ЊC; dioxide fluxes after treatment were most associated with Table 2 ). Soil temperature dropped somewhat over the moisture (r ϭ 0.31, p Ͻ 0.01) and ammonium (r ϭ 0.17, course of the experiment, but the relative ranking of p Ͻ 0.01) levels (Table 3) . the sites remained unchanged (Fig. 6 ). There were no significant treatment effects on soil temperature.
DISCUSSION

Soil nitrate in control plots differed significantly
Methane Oxidation among sites (Table 2) . Nitrate was highest in the no-till fields (30.4 Ϯ 7.4 g NO 3 Ϫ -N g soil culture, respectively (Table 2 and Fig. 1 ). Agricultural fluxes were on average Ͻ12% of those in the forests and successional sites. This pattern is similar to that 1994; King and Schnell, 1994; Hü tsch, 1996; Gulledge observed in prior agriculture and natural vegetation et al., 1997; King and Schnell, 1998) . However, added comparisons (e.g., Mosier et al., 1991; N did not further suppress CH 4 oxidation in our no-till 1995; Arif et al., 1996; Powlson et al., 1997 ; Robertson fields as found in some studies (e.g., Mosier and Schimel, et al., 2000; Hü tsch, 2001 Hü tsch, ). 1991 Bronson and Mosier, 1993; Tate and Striegl, 1993 ; Before treatment, soil temperature appeared to be Mosier et al., 1998) , probably due to the already high the most significant factor controlling differences in CH 4 soil nitrate and ammonium levels in these soils. oxidation among sites. Mature forest soils have signifiWe were surprised that soil tillage alone did not show cantly higher levels of total C, total N, and ammonium any significant effect on soil CH 4 uptake in our sites. as compared with the no-till field soils, which had higher Although the depth of tillage in this study was about soil nitrate levels and greater bulk density (Table 1) .
10 cm less than the 20-cm depth of normal tillage, and The lower soil bulk density in the forest implies more thus had a less destructive effect on soil structure than gas diffusion, which has been shown to increase soil normal agricultural tillage, it nevertheless represents a CH 4 uptake by methanotrophs in soil crumbs and soil strong soil disturbance to a portion of the soil horizon aggregates (Ball et al., 1997a; Ball et al., 1997b) . Mature that is responsible for Ͼ50% of soil CH 4 uptake (Suwandeciduous forest soils were also acidic, which suggests waree and Robertson, unpublished data, 2005). Others acid-adapted CH 4 oxidizing bacteria in this forest. These working in tropical savanna (Sanhueza et al., 1994) , Piedtrends among sites also persisted after treatment: across mont floodplain maize fields (Burke et al., 1999) , and all treatments, mature forest soil still had more CH 4 an acid oxisol site in Puerto Rico (Mosier et al., 1998 ) oxidation than the no-till field soils, while mid-succeshave also failed to find a tillage effect. sional communities soils were intermediate (Fig. 1) .
Although not statistically significant, soil tillage slightly Nitrogen-fertilizer (100 kg N ha Ϫ1 ) markedly inhibited alleviated the inhibition effect of N fertilizer in mature soil CH 4 consumption in our forest and mid successional and mid-successional communities, especially after Day sites, by 60 and 40% respectively (Table 2) , similar to patterns found elsewhere (e.g., Bender and Conrad, 52 (Fig. 2) when soil nitrate and ammonium had already declined markedly ( Fig. 7 and 8 ). Tillage may have increased soil aeration in these plots before the onset of compaction, allowing a greater flow of CH 4 into soil microsites and thereby providing CH 4 oxidizing bacteria more access to the gas.
Long-term Recovery of Methane Oxidation
That our successional fields had rates of CH 4 oxidation only midway between those of the no-till and deciduous forest sites suggests a recovery period of well over half a century for methane uptake following the cessation of agricultural activities in these soils. In a 1999 study on these same soils Robertson et al. (2000) had suggesting further that recovery starts quickly but is slow. These rates of recovery-decades to century-are of fertilization or otherwise elevated N availability, supsimilar to those found in Denmark and Scotland (Prieme pression may be related additionally to changes in soil et al., 1997), in North American grassland sites (Ojima microbial community structure or available substrate. et al., 1993) , and in heath soils (Kruse and Iverson, Recovery of CH 4 oxidation may thus depend on both 1995). the cessation of chronic N addition and recovery of the Since oxidation rates in our no till plots are no differsoil microbial community, likely also related to longent from tilled plots in the earlier study, and since plowterm changes in soil organic matter. ing in none of our plots further inhibited oxidation Carbon Dioxide (Fig. 1) , it seems unlikely that the slow recovery of CH 4 oxidation is related to the recovery of soil structure Carbon dioxide fluxes differed among sites only after per se. Likewise, since the short-term recovery of suptreatment. And although treatments did not significantly pressed oxidation following N-fertilizer addition was affect CO 2 fluxes, the fertilizer and fertilized ϫ plowed relatively rapid in both the forest and mid-successional combination plots in mid-successional and mature forcommunities (Fig. 2) , it seems unlikely that the slow ests had 25% higher CO 2 production than control and plowed-only plots (Table 2 and Fig. 3 ). This suggests a recovery is related to persistent N saturation. Rather, modest but not statistically significant effect of added long-term recovery is likely related to slow-changing N on microbial activity. In the no-till field, plowed and soil properties not related directly to soil structure, such N fertilizer treatments had no noteworthy effect on soil as soil organic matter composition or quantity or micro-CO 2 emission. Soil moisture was the most important bial community structure.
positive factor affecting soil CO 2 flux (Table 3 ). There may thus be a two-tiered mechanism affecting the suppression of CH 4 oxidation in these soils. In the CONCLUSIONS short-term, suppression appears related principally to short-term enzyme inhibition associated with ammoMature forest soils had the highest overall methane nium availability and its effects on CH 4 -oxidizing nitrifioxidation rates, followed by mid-successional and agricultural systems, respectively. ers or heterotrophs. In the long term, following years Plowing had no detectable effect on methane oxidation in any of the three sites. The effects of plowing ϩ N-fertilizer were no greater than the effects of fertilizer alone.
The impact of agriculture on methane oxidation is thus likely due primarily to greater N availability via N fertilization rather than to the disruption of soil structure or other effects of plowing. Substantially increasing the N inputs to mid-successional and mature ecosystems reduces rates of oxidation that would otherwise be relatively high.
Recovery of CH 4 oxidation rates from long-term suppression appears related to the recovery of microbial community structure or soil organic matter composition following the cessation of elevated N inputs.
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